ABSTRACT: Quantum dot (QD) sensitized NiO photocathodes rely on efficient photoinduced hole injection into the NiO valence band. A system of a mesoporous NiO film co-sensitized with CdSe QDs and a molecular protonreduction catalyst was studied. While successful electron transfer from the excited QDs to the catalyst is observed, most of the photogenerated holes are instead quenched very rapidly (ps) by hole trapping at the surface thiols of the capping agent used as linker molecules. We confirmed our conclusion by first using a thiol free capping agent and second varying the thiol concentration on the QD's surface. The later resulted in faster hole trapping as the thiol concentration increased. We suggest that this hole trapping by the linker limits the H 2 yield for this photocathode in a device.
V isible-light-driven H 2 evolution has been attracting considerable attention from both environmental and energy points of view and also as a scientific challenge in the artificial photosynthesis community. 1−7 Many systems have been employed to produce H 2 from sunlight−water splitting in a similar way to the natural photosynthetic systems. 4−7 In general, these systems contain a combination of light harvesting material and an active catalyst that is able to produce H 2 after charge transfer from the light harvester. Therefore, a good understanding of the factors limiting photoinduced charge separation is needed to improve the catalytic activity of these systems.
Semiconductors quantum dots (QDs) like CdSe or CdS are popular sensitizers for solar energy applications including solar fuels. 8, 9 Here we report the photoinduced charge dynamics of both electrons and holes in an artificial system for H 2 evolution that contains CdSe QDs as the light harvester and the wellknown molecular CoP catalyst ([CoCl(dmgH) 2 (pyridyl-4-hydrophosphonate)]) ( Figure 1 ). Both the QDs and the CoP are chemically attached to a mesoporous NiO film via thioglycolic acid (TGA) and phosphonate groups, respectively. This system was reported recently by some of us as an efficient and stable photocathode for H 2 production. 4 CdSe QDs have been chosen as light harvesters due to their high extinction coefficient, broad absorption spectrum, sizedependent tunability of the band gap, and relatively simple preparation methods. Moreover, the CoP catalyst belongs to the best transition metal complexes known to produce H 2 and is also easy to prepare. 10 Herein, we investigate the photoinduced charge transfer dynamics upon excitation in this photocathode and find evidence for ultrafast hole transfer reactions that compete with productive hole injection into NiO.
A one-pot adsorption and reaction (OPAR) method was used to prepare the TGA-capped CdSe QDs (see the SI for more details), while the CoP catalyst was prepared according to the published procedure. 11 In this Letter, we find that the capping agent (TGA) of the QDs works as a trapping site for the photogenerated holes by using femtosecond transient absorption (TA) spectroscopy in the visible region. While the electrons are transferred from the excited QDs to the CoP catalyst as intended, most of the holes are trapped by the thiol groups and/or sulfide ions from the capping agent. We compared the TGA-capped OPAR-CdSe QDs with thiol-free CdSe QDs capped with oleic acid that are prepared via hot injection (HI) method as a reference sample (CdSe HIQDs).
12,13 Moreover, we compared TGA-capped OPAR-CdSe QDs with successive ionic layer adsorption and reaction (SILAR-CdSe QDs), both on NiO, where the latter was reported to result in a lower catalytic activity in a device. 4 Figure 2 presents steady-state absorption spectra and confirms the successful attachment of the OPAR-CdSe QDs and the CoP catalyst onto the NiO surface, (red line; see the SI for more information about the sensitization process). The first (1S) peak 13 of CdSe QDs (black line) is unchanged by introducing the catalyst (red line). An additional absorption feature at around 400 nm is due to the CoP attachement. 14 Traps in CdS and CdSe QDs are intensively discussed in the literature 15, 16 due to their importance, 17 but their origin is still not very clear. 18 Energetically, it has been reported that the holes can be trapped in CdSe or CdTe QDs after excitiation. 18−20 This means that hole injection to a p-type semiconductor (NiO in our system) and hole trapping processes are difficult to distinguish spectroscopically where both have the same signature of charge depopulation.
13,21
Herein, we will discuss the electron transfer from excited QDs to the catalyst and the self-hole trapping process by a TGA capping agent for TGA-capped CdSe QDs in a NiO/CdSe/ CoP photocathode. Figure 3A ,C presents the TA spectra of the NiO/CdSe film and NiO/CdSe/CoP film, respectively, at indicated time delays after the 400 nm excitation pulse. Generally, the spectra of excited and reduced QDs look similar, 9 while oxidation of QDs leads to faster recovery of the ground-state bleach (GSB) as GSB is mainly due to electron population in the conduction band. 12 In Figure 3A , a bleach at ∼570 nm is seen due to the first exciton absorption band of CdSe QDs (state filling of the 1S exciton). 12, 22 On the lower-energy side of the GSB (600− 700 nm), there is strong positive absorption due to the trapped carriers, as has been reported before for CdTe QDs and CdTe/ CdS core/shell QDs. 23, 24 To exclude any other carrier interactions that may cause this positive absorption in our system, like biexcitonic effects, we used a low pump intensity, which led to N < 1 (N is the average number of electron−hole pairs per QD). 12, 22 Even though the TA spectra of NiO/CdSe QD systems with and without CoP look similar, the GSB recovery dynamics of both systems are different ( Figure 3B ,D, black lines). Introducing CoP catalyst accelerates the GSB recovery, meaning that the CoP catalyst consumes electrons from the excited QDs to form the reduced Co II . It was not possible to spectroscopically detect the comparably weak feature of the reduced CoP catalyst species (Co II ) at around 450 nm as it was observed before 25 due to the positive absorption features from other species in the entire visible region, as will be discussed later, and due to its lower extinction coefficient of these species. 26 Comparing the GSB recovery kinetics confirms the electron transfer from excited QDs to CoP catalyst. 14 Figure 3B ,D 20 while for the OPAR QDs, the exciton lifetime is very short (see Figure S2E ). The shorter exciton lifetime is due to the presence of trap states, which generally affects the electron dynamics.
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One important question to be answered is what is the destiny of the photogenerated holes? H 2 production quantum yields under continuous irradiation are dependent on the reactions of the remaining holes in the QDs after the transfer of the electron to the catalyst. 21 In the ideal case scenario, as both CdSe QDs and CoP are chemically attached to NiO surface, the holes should end up in the valence band of NiO 27 and then migrate to the external circuit. However, we found that most of the photogenerated holes are trapped by the thiol groups and/or sulfide ions on a subps to ps time scale. This is seen from the rapid appearance of multiple absorption bands in the TA spectra ( Figure 3A,C) , where polythiol and polysulfide radicals are known to absorb. 28−32 The absorption bands remain at t > 1000 ps when all GSB is gone, which excludes assignment to a Stark effect. 9, 14 In the context of quantum dots sensitized solar cells (QDSSCs), it has been reported that hole scavenging by external scavengers, 33 like the sulfide redox couple (S 2− /S n 2− ) 28 or sulfide salt as the ionic liquid, 23 takes place on much slower time scales (tens of ns). In our system, we observe a much faster hole trapping process (ps) with a spectroscopic signature of di-and polysulfide radicals. 28−30 Our TA spectra are in excellent agreement with those reported for CdSe QDs on TiO 2 in the presence of NaS 2 on a ns−μs time scale. 28 On one hand, capping agents are used to protect the QD surface and to prevent QD aggregation. On the other hand, TGA is the only thiol source in our system, and formation of sulfide radicals suggests that thiol groups are preferentially oxidized instead of the NiO valence band ( Figure 1B) . The rapid oxidation may be due to the direct binding of the thiol groups to the QD, while external scavengers would be sterically hindered to approach the surface by capping agents. 28, 33 In our case, the ultrafast radical formation may compete with desired hole transfer to NiO. To confirm our conclusion that the TA signals are related to TGA oxidation, we attached the OPAR-CdSe QDs to the surface of ZrO 2 (noninjecting semiconductor) 34, 35 in the same manner of the NiO system without the catalyst. Both samples NiO/CdSe ( Figure 3A) and ZrO 2 /CdSe ( Figure S2A) show similar TA spectra with strong positive absorption over the entire visible region due to the formation of di/polysulfide radicals. Moreover, we compare the TA traces of OPAR-QDs attached to ZrO 2 at the radical absorption peaks with the TA traces when the OPAR-QDs are attached to NiO ( Figure S2B−  D) ; the TA traces look very similar when ZrO 2 is replaced by NiO. This shows that a major fraction of the photogenerated holes are trapped by the thiol groups of the linker instead of being directly injected into NiO. It is difficult to quantify the ratio of hole transfer to TGA vs NiO by comparing with reference samples as the TGA concentration varies between samples (TGA is added in a one-pot preparation). The radical TA signal rise is even somewhat slower on NiO than that on ZrO 2 ( Figure S2 ), which obviously cannot be explained by additional hole injection into NiO. Comparison with hole injection into NiO for QDs prepared by other methods is also questionable as the electron transfer rate can be expected to vary between different QDs and with different linker groups. 
Letter Furthermore, we measured the TA spectra of CdSe QDs prepared by the HI method (HI-QDs) and capped with a thiolfree capping agent, namely, oleic acid. The TA spectra did not show the spectroscopic signature of polythiol radicals and/or polysulfide radicals (see Figures 3A and S1A ). To confirm that the formation of sulfuric radicals is due to the self-trapping of holes by the thiol groups on the QDs surface, we changed the capping agent of HI-QDs from oleic acid to TGA and attached the TGA-capped HI-QDs to a NiO film. The resulting TA spectra of this film indeed show similar positive absorption features on similar time scales (see Figure S1B ,C) as those for the OPAR-CdSe samples in Figure 3 . This confirms the involvement of the TGA capping agent in the hole trapping process. Figure 3B ,D presents the traces of polythiols radical and/or polysulfide radical formation due to the oxidation of the thiol groups and/or sulfide ions by the photogenerated holes in the QDs. We also measured the TA of SILAR QDs that showed instantaneous trapping of the charge carriers upon excitation ( Figure S3 ). This explains the poor catalytic activity of the SILAR QD devices, 4 in addition to other problems like the poor loading on NiO compared to OPAR QDs.
Formation of the sulfuric radicals allows us to follow the dynamics of the photogenerated holes, but on the other hand, this trapping process competed with hole injection into NiO and is therefore likely to reduce the catalytic activity of a device. Thiol and sulfur reduction occur at mild potentials 29, 32, 36 (cf. "Hole traps" in Figure 1B) , and the resulting radicals can most likely not oxidize the NiO valence band (E ≈ 0.5 V vs NHE), 37 as has been reported in the best-case scenario. 27 Although this option cannot be totally excluded in our system, we note that the radical decay kinetics on NiO and ZrO 2 is essentially identical (cf. Figures 3 and S2 ). This suggests that at least most of the holes trapped on the radicals do not lead to NiO oxidation. Instead, the rapid quenching of the QDs by TGA reduces the photocurrent and efficiency of H 2 evolution that can be achieved in a device.
Radical decay on NiO and ZrO 2 is tentatively assigned to charge recombination with the reduced catalyst and/or radical reactions such as radical−radical coupling. We further note that irreversible radical reactions could make TGA a sacrificial donor. This could in principle lead to high quantum yields of hydrogen generation (Φ H2 ) at the photocathode without the need for corresponding oxidation at the counter electrode, i.e., photochemical H 2 without a corresponding photocurrent. This was not the case in ref 4, however, as Φ H2 was small and the Faradaic efficiency was close to 100% (and not ≫100%). 4 The present study has shown that the capping agent (TGA), which protects the QDs from aggregation, itself can act as a hole trap and thus be a limiting factor for solar fuel application of QDs as a photosensitizer. Therefore, further treatments for the QDs can lead to better H 2 evolution efficiency like using thiol-free capping agents or using a core/shell structure with an optimized shell thickness 38 to reduce the hole trapping probability.
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